INTRODUCTION
============

Heterozygous germline mutations in genes such as *MSH2* that encode components of the DNA mismatch repair (MMR) pathway predispose individuals to cancer and in particular, hereditary non-polyposis colorectal cancer (HNPCC). As with many tumour suppressor genes, inactivation of the remaining wild-type allele in *MSH2* mutant tumours is common and can occur either by somatic mutation (Cunningham et al, [@b15]; Leach et al, [@b28]) or loss of heterozygosity (LOH) (Potocnik et al, [@b42]; Yuen et al, [@b59]). HNPCC accounts for approximately 5% of all colorectal cancer cases (Jacob & Praz, [@b23]) and current estimates suggest that just under 40% of HNPCC kindreds bear *MSH2* mutations (Peltomaki & Vasen, [@b41]).

The underlying cause of the association between *MSH2* mutation and cancer is thought to be a failure of MMR, a pathway which primarily eliminates base--base mismatches and insertion/deletion loops arising during DNA replication. MSH2 is key to this process, recognizing DNA mismatches as a heterodimer with either MSH3 or MSH6 (Seifert & Reichrath, [@b50]). In general, the MSH2/MSH6 heterodimer recognizes single base mismatches and short insertion/deletion loops in DNA, whereas the MSH2/MSH3 heterodimer recognizes larger loops (Genschel et al, [@b18]; Umar et al, [@b55]). In addition to its role in the repair of replication errors, MMR also repairs mispaired bases that arise during homologous recombination or as a result of oxidative DNA damage (O\'Brien & Brown, [@b37]). Unsurprisingly, MMR deficient cells exhibit a mutator phenotype, characterized by an elevated spontaneous mutation rate alongside microsatellite instability (MSI) (O\'Brien & Brown, [@b37]).

While the cause and effect of the relationship between MMR deficiency and tumourigenesis is clear, this information has not yet been utilized in the development of targeted therapies for tumours characterized by MMR gene defects. Here, we sought to identify agents that could selectively kill MSH2 deficient cells. One of the major limitations to the rapid development of novel drugs is the time, cost and effort that is incurred in developing prototype small molecule inhibitors into potent, drug-like compounds (Collins & Workman, [@b12]). Given this, one approach is to screen libraries comprised of already approved drugs with known toxicity profiles that could be rapidly progressed into clinical trials (O\'Connor & Roth, [@b38]). Examples of this approach include the use of non-steroidal anti-inflammatory drugs and peroxisome proliferator-activated receptor inhibitors as potential therapeutic agents for Alzheimer\'s disease (Combs et al, [@b14]; Yan et al, [@b58]). Similarly, the generic medication fluphenazine has been identified as a novel therapeutic for multiple myeloma, leading to its progression into clinical trials (Glaser, [@b19]). Taking a similar approach, we screened a library of off-patent drugs to identify MSH2-selective agents. Notable among the agents we identified was the drug methotrexate. We illustrate that the effects of methotrexate in MSH2 deficient tumour cells can, in part, be explained by an increase in oxidized DNA lesions caused by this drug.

RESULTS
=======

Identification of compounds that are selective for MSH2 deficiency
------------------------------------------------------------------

To clearly identify effects that are selective for genetic differences, the use of isogenic cell lines is essential (Kaelin, [@b25]). To identify mutS homolog 2 (MSH2)-selective agents, we used the previously characterized human endometrial adenocarcinoma cell line, Hec59, which carries two different loss of function *MSH2* nonsense mutations (Boyer et al, [@b7]). As an MSH2 proficient isogenic comparator, we used the Hec59 + Chr2 cell line (Umar et al, [@b54]); transfer of human chromosome 2 into Hec59 cells restores wild type MSH2 expression and functional MMR (Umar et al, [@b54]). To screen these cell lines for agents that are selectively lethal to MSH2 deficient cells, we designed a 96-well plate-based cell viability assay. In this assay, cells were plated in 96-well plates, after which media containing drug was added to each well and replenished every 48 h. After six days continuous culture, cell viability in each well was estimated using a luciferase-based ATP assay (CellTitre Glo). The chemical library used encompassed 1120 small molecules, 90% of which were marketed drugs, the remaining 10% being bioactive alkaloids. The effect of each compound on cell viability was estimated by comparing luciferase readings from drug-treated wells with those from wells treated with the compound vehicle, dimethyl sulphoxide (DMSO). For each cell line, the effect of each compound was represented as a log~2~-surviving fraction (log~2~SF), and to identify MSH2-selective effects, we compared log~2~SFs with Hec59 and Hec59 + Chr2 cells ([Fig 1A](#fig01){ref-type="fig"}). As a positive control, we included the methylating agent, *N*-methyl-*N*′-nitro-*N*-nitrosoguanidine (MNNG) in the compound library. MNNG has a well-validated differential drug response in Hec59 and Hec59 + Chr2 cells; Hec59 cells are more resistant to MNNG than Hec59 + Chr2 cells (Umar et al, [@b54]). Using our screening protocol we were able to reproduce this effect (MNNG log~2~SF at 1 µM in Hec59 = 0.027 and in Hec59 + Chr2 = −0.519). We also used the effects of MNNG to assess the dynamic range and sensitivity of the screen, as represented by a Z factor (Zhang et al, [@b60]). Z factors between 0.5--1 predict high-quality screens (Zhang et al, [@b60]) and the Z-factor for our screen, using MNNG sensitivity, was 0.514. This provided some level of confidence that the screen would produce robust and meaningful data.

![Identification of small molecule inhibitors that target MSH2 deficiency\
**A.** High-throughput screen (HTS) identifying MSH2-selective compounds. Scatter plot showing the relative effects of 1120 compounds on Hec59 and Hec59 + Chr2 cells in a high-throughput viability screen. Cells were plated in 96-well plates and exposed to library compounds for five days, using an average compound concentration in media of 0.1 mM. The effect of each compound was represented as a log~2~ SF, compared to DMSO treated cells. To identify MSH2-selective effects, log~2~ SFs from the two cell lines were compared.\
**B--E.** Validation of MSH2 selective compounds from the HTS. Clonogenic survival curves are shown of Hec59 and Hec59 + Chr2 cells under continuous exposure (14 days) to compounds identified in the HTS. B, methotrexate; C, menadione; D, daunorubicin hydrochloride; E, parthenolide. Error bars represent standard errors of the mean.\
**F.** Western blot analysis of siRNA silencing. Hec59 + Chr2 cells transfected with either control siRNA or two different MSH2 siRNAs. Protein lysates were immunoblotted and probed for MSH2 and β-tubulin (loading control).\
**G.** MSH2 silencing sensitizes Hec59 + Chr2 cells to methotrexate. Survival curves are shown of Hec59 + Chr2 cells transfected with either control siRNA or siRNAs targeting MSH2, and then continuously exposed to methotrexate for 14 days.\
**H.** MSH2 silencing sensitizes HeLa cells to methotrexate. Survival curves are shown of HeLa cells transfected with either control siRNA or siRNAs targeting MSH2, and then continuously exposed to methotrexate for 14 days.\
**I.** Western blot analysis of MSH2 expression. Protein lysates from HeLa, MCF7, HCT116, LoVo, Hec59 and Jurkat cells were immunoblotted and probed for MSH2 and β-tubulin (loading control).\
**J.** Mutation in MSH2 sensitizes a range of tumour cells to methotrexate. Survival curves are shown for the wild-type MSH2 cells HeLa, MCF7 and HCT116 and the MSH2 mutated cell lines, LoVo, Hec59 and Jurkat, continuously exposed to methotrexate for 14 days.\
**K.** Re-expression of wild-type MSH2 restores methotrexate resistance. MSH2 deficient LoVo cells were transfected with either empty or wt-MSH2 pcDNA3 vector and after 48 h were continuously exposed to methotrexate for 14 days. Protein lysates were immunoblotted and probed to show re-expression of MSH2 and β-tubulin as a loading control.\
**L.** Induction of apoptosis in Hec59 cells treated with methotrexate. Western blot of lysates from Hec59 + Chr2 and Hec59 cells, 72 h after treatment with 10 nM methotrexate or DMSO. Protein lysates were immunoblotted and probed for PARP1 and β-tubulin (loading control). Arrow denotes cleavage product of PARP1.\
**M.** H~2~O~2~ treatment is selective for MSH2 deficient cells. Survival curves are shown of Hec59 and Hec59 + Chr2 cells under continuous exposure to a range of concentrations of H~2~O~2~ for 72 h. Error bars represent standard errors of the mean.](emmm0001-0323-f1){#fig01}

Methotrexate and other oxidative agents are selective for MSH2 deficiency
-------------------------------------------------------------------------

Using the comparison of log~2~-SFs from the two cell lines, we identified a number of MSH2 selective agents (Table S1 of Supporting Information). Among these, we noted a number of agents known to cause oxidative damage, namely methotrexate, menadione, parthenolide and daunorubicin hydrochloride (Cojocel et al, [@b11]; Kurdi et al, [@b26]; Mizutani et al, [@b35]; Rajamani et al, [@b44]). Given a potential link between oxidative agents and MSH2 selectivity, we first validated the selectivity of these agents using the gold standard method for estimating effects on cell viability, colony formation assays (Brown & Attardi, [@b9]) ([Fig 1B--E](#fig01){ref-type="fig"}). Methotrexate (Hec59 SF~50~ = 70 nM, Hec59 + Chr2 SF~50~\>1 × 10^−5^ M, over 140 fold difference), menadione (Hec59 SF~50~ = 400 µM, Hec59 + Chr2 SF~50~\>1 × 10^−3^ M, over 2.5 fold difference), daunorubicin hydrochloride (Hec59 SF~50~ = 3 nM, Hec59 + Chr2 SF~50~ = 13 nM, over 4 fold difference) and parthenolide (Hec59 SF~50~ = 600 nM, Hec59 + Chr2 SF~50~ = 6 µM, 10 fold difference) were all able to elicit MSH2 selectivity over a range of doses ([Fig 1B--E](#fig01){ref-type="fig"}), validating the results of the initial screen.

We confirmed the MSH2 specificity of the most selective agent, methotrexate. Silencing of MSH2 by short interfering RNA (siRNA) ([Fig 1F](#fig01){ref-type="fig"}) sensitized the Hec59 + Chr2 cell line to methotrexate ([Fig 1G](#fig01){ref-type="fig"}). MSH2 silencing in HeLa cells also caused sensitivity to methotrexate ([Fig 1H](#fig01){ref-type="fig"}), suggesting that the MSH2 selectivity of this drug was not limited to the Hec59 cell model.

To further assess the generality of our observations, we examined methotrexate sensitivity in a panel of MSH2 deficient and proficient tumour cell lines ([Fig 1I & J](#fig01){ref-type="fig"}). Although *MSH2* mutations are not the only genetic variables within this diverse tumour cell panel, we observed a clear distinction in methotrexate sensitivity between tumour lines with wild-type MSH2 expression, such as HeLa, MCF7 and HCT116, and those with MSH2 deficiency, such as LoVo, Hec59 and Jurkat ([Fig 1I & J](#fig01){ref-type="fig"}). Given the role of MSH2 in DNA repair, it was also possible that the methotrexate sensitivity observed in MSH2 deficient cells could be explained by mutations that occur secondary to MSH2 deficiency and not MSH2 deficiency *per se*. However, expression of wild-type MSH2 in the MSH2 deficient LoVo cell line, restored resistance to methotrexate treatment ([Fig 1K](#fig01){ref-type="fig"}), suggesting that this was unlikely to be the case. Finally, stable silencing of MSH2 by short hairpin (sh)RNA in HeLa and MCF7 cells also resulted in methotrexate sensitivity (Fig S1A & B of Supporting Information), confirming our previous results.

We also addressed whether methotrexate sensitivity was particular to MSH2 deficiency or also observed in other cell lines with other MMR defects, such as loss of MutL homologue 1 (MLH1) function. Substantial methotrexate sensitivity was not observed in the MLH1 deficient colorectal cell line HCT116, when compared to the MLH1 proficient comparator cell line HCT116 + Chr3 (Fig S1C of Supporting Information).

We explored whether methotrexate treatment in combination with MSH2 deficiency, results in loss of cellular viability by apoptosis. Cleavage of poly (ADP-ribose) polymerase (PARP) is a recognized marker of apoptosis induction (Boulares et al, [@b6]) and methotrexate treatment resulted in cleavage of PARP in MSH2 deficient Hec59 cells, but not in the MSH2 proficient Hec59 + Chr2 cells ([Fig 1L](#fig01){ref-type="fig"}). This indicated that the loss of viability observed upon MSH2 deficiency combined with methotrexate treatment, is associated with the induction of apoptosis.

The identification of a number of oxidative agents in these studies raised the possibility that, causing oxidative damage could elicit MSH2 selectivity. To directly address this hypothesis, Hec59 and Hec59 + Chr2 cells were treated with increasing concentrations of the oxidizing agent hydrogen peroxide (H~2~O~2~), and cell viability was estimated after 72 h. H~2~O~2~ was indeed selective for MSH2 deficiency (2-fold difference at 1 nM H~2~O~2~, [Fig 1M](#fig01){ref-type="fig"}), supporting the suggestion that MSH2 selectivity could be achieved by agents that cause oxidative damage.

Oxidative damage caused by methotrexate persists in MSH2 deficient cells
------------------------------------------------------------------------

To further investigate the possibility that MSH2 selectivity of agents such as methotrexate and menadione could be explained by oxidative damage, we measured levels of the most prevalent product of DNA oxidation, the oxidized base 8-hydroxy-2\'-deoxyguanosine (8-OHdG). MSH2 is thought to play a role in the repair of 8-OHdG lesions and has been shown to be involved in reducing the levels of oxidized bases in DNA (Macpherson et al, [@b32]). Inactivation of *Msh2* has also been associated with increased oxidized lesions in several organs of the mouse (Russo et al, [@b48]). *Msh2*^−/−^ mouse embryo fibroblasts (MEFs) accumulate approximately two-fold more oxidized guanine than wild-type MEFs (Colussi et al, [@b13]). Hec59 and Hec59 + Chr2 cells were treated with sub-lethal concentrations of either methotrexate (10 nM) or menadione (100 nM) and DNA was extracted for analysis 72 h later. We quantified 8-OHdG levels in DNA using a highly sensitive 8-OHdG competitive ELISA assay (Shen et al, [@b51]). In MSH2 deficient Hec59 cells, methotrexate and menadione treatment caused significant increases in the amount of cellular 8-OHdG, compared to DMSO-treated cells ([Fig 2A](#fig02){ref-type="fig"}). However, neither methotrexate nor menadione elicited the same increase in 8-OHdG in MSH2 proficient Hec59 + Chr2 cells 72 h after the initiation of treatment, demonstrating that the level of oxidative DNA damage correlated with the MSH2 selectivity of methotrexate and menadione ([Fig 2A](#fig02){ref-type="fig"}). Silencing of MSH2 by siRNA (Fig S2A of Supporting Information) in the Hec59 + Chr2 cell line also resulted in an accumulation of 8-OHdG lesions following treatment of methotrexate. Similarly, in MCF7 cells carrying a doxycycline-inducible shRNA targeting MSH2 (shMSH2), methotrexate treatment caused an increase in 8-OHdG in comparison to MCF7 cells carrying a doxycycline-inducible non-silencing shRNA control (shCtrl; Fig S2B of Supporting Information).

![Oxidative damage inducing compounds are selectively lethal for MSH2 deficiency\
Methotrexate and menadione induce oxidative DNA damage in MSH2 deficient cells. Hec59 and Hec59 + Chr2 cells were treated with 10 nM methotrexate or 100 nM menadione. After 72 h, DNA was isolated and analysed for 8-OHdG content using a specific 8-OHdG ELISA assay. Oxidized lesions were quantified according to an 8-OHdG standard curve. Assays were performed in triplicate and bar chart showing relative levels of 8-OHdG in each cell line is shown \**p* ≤ 0.0327 compared to the similarly treated MSH2 proficient Hec59 + Chr2 cells (Student\'s *t*-test). \*\**p* ≥ 0.399 compared to the DMSO treated Hec59 + Chr2 cells. Error bars represent standard errors of the mean.Methotrexate causes an accumulation of 8-OHdG lesions over time in MSH2 deficient cells. Hec59 and Hec59 + Chr2 cells were treated with 10nM methotrexate and DNA analysed for 8-OHdG content over time, as before. A line graph showing relative levels of 8-OHdG content over time is shown. Assays were performed in triplicate. Error bars represent standard errors of the mean.Methotrexate causes a sustained increase in superoxide anions over time in MSH2 deficient cells. Hec59 and Hec59 + Chr2 cells were treated with 10 nM methotrexate and analysed for levels of superoxide anions over time. A line graph showing relative levels of superoxide anions over time is shown. Assays were performed in triplicate. Error bars represent standard errors of the mean.](emmm0001-0323-f2){#fig02}

To further investigate this rise in 8-OHdG levels, we assessed the presence of this oxidized base over time ([Fig 2B](#fig02){ref-type="fig"}; Fig S2C of Supporting Information). In both MSH2 proficient and deficient cells, methotrexate initially caused an increase in 8-OHdG levels that peaked 12 h after the initial exposure to the drug. In MSH2 proficient Hec59 + Chr2 cells and in MCF7 cells carrying a doxycycline-inducible shCtrl, levels of 8-OHdG rapidly declined after 12 h, falling to basal levels by 72 h, supporting our previous observation ([Fig 2A & B](#fig02){ref-type="fig"}; Fig S2B & C of Supporting Information). However, in MSH2 deficient Hec59 cells and MCF7 cells in which MSH2 is silenced with a doxycycline-inducible shMSH2, 8-OHdG levels remained elevated after 12 h and failed to significantly diminish, even after 72 h ([Fig 2B](#fig02){ref-type="fig"}; Fig S2C of Supporting Information). Taken together, these data support the hypothesis that in the presence of functional MSH2, agents such as methotrexate cause oxidative damage, which is rapidly cleared from DNA. Conversely, in the absence of wild-type MSH2, this damage persists and perhaps limits survival or at least fitness of cells, potentially explaining the MSH2 selectivity of methotrexate. In support of this hypothesis, levels of superoxide anions were also elevated after methotrexate treatment ([Fig 2C](#fig02){ref-type="fig"}); in MSH2 proficient cells, levels of superoxide anions fell to a basal level 12 hours after initial methotrexate exposure, while in MSH2 deficient cells, levels of superoxide anions remain elevated. Taken together, this data further suggested that the differential selectivity of MSH2 deficiency and methotrexate treatment could be due to a sustained accumulation of oxidative damage in the cell.

We also analysed the expression of the oxidative damage enzymes MutYH (MYH), 8-oxoguanine glycosylase (OGG1) and MTH1 in MSH2 deficient and proficient cell lines (Fig S2D of Supporting Information). Hec59 and Hec59 + Chr2 cells were treated with either DMSO or methotrexate (100 nM) and after 72 h, protein lysates were isolated. The protein levels of MTH1 or OGG1 did neither appear to be grossly changed by MSH2 deficiency nor methotrexate exposure. However, MYH levels were considerably higher in MSH2 deficient cells than in MSH2 competent cells. One of the known effects of 8-OHdG accumulation is an increase in GC\>TA transversions as 8-OHdG lesions are replicated. MYH excises adenine residues inserted opposite 8-OHdG at replication, providing a mechanism by which the transversion frequency can be suppressed (Oka et al, [@b39]). It is possible that the elevated levels of MYH expression in MSH2 deficient cells represent the response to a reduced ability to process 8-OHdG lesions prior to replication.

Anti-oxidants and folate rescue the effects of methotrexate on MSH2 deficient cells
-----------------------------------------------------------------------------------

While the persistence of oxidative DNA damage represented a potential mechanism, explaining the selectivity of methotrexate for MSH2 deficient cells, it was still possible that the elevated levels of 8-OHdG observed were merely coincidental and not the cause of methotrexate selectivity. To address this issue, we attempted to abrogate the lethal effect of methotrexate in MSH2 deficient cells by counteracting the oxidative damage caused by this drug. Selenium is a cofactor of the enzyme glutathione peroxidase which aids the elimination of free radicals and reactive oxygen species from cells (Rotruck et al, [@b47]). Supplementation of tissue culture media with selenomethionine has been shown to significantly reduce 8-OHdG levels caused by ultraviolet radiation (Rafferty et al, [@b43]). We treated MSH2 deficient and proficient cells with methotrexate alone, or in combination with 1 µM selenomethionine and then estimated cell viability and 8-OHdG levels. Selenomethionine treatment rescued the lethal phenotype caused by methotrexate in MSH2 deficient cells ([Fig 3A](#fig03){ref-type="fig"}; Fig S3A of Supporting Information). Furthermore, selenomethionine substantially reduced 8-OHdG accumulation in MSH2 deficient cells treated with methotrexate ([Fig 3B](#fig03){ref-type="fig"}; Fig S3B of Supporting Information). Taken together, this suggested that oxidative damage most likely underlies the MSH2 selectivity of methotrexate.

![Treatment with selenomethionine rescues the oxidative damage induced selectivity with MSH2 deficiency\
Selenomethionine rescues methotrexate selectivity in MSH2 deficient cells. Survival curves are shown from Hec59 and Hec59 + Chr2 cells under continuous exposure to a range of concentrations of Methotrexate ± 1 µM selenomethionine for 14 days. Error bars represent standard errors of the mean.Selenomethionine reduces 8-OHdG accumulation in MSH2 deficient cells. Cells were treated as in (A) and DNA analysed for 8-OHdG content as before. A bar chart showing relative levels of 8-OHdG in each cell line is shown. Assays were performed in triplicate. \**p* ≤ 0.0014 compared to the similarly methotrexate treated Hec59 cells in combination with selenomethionine (Student\'s *t*-test). Error bars represent standard errors of the mean.](emmm0001-0323-f3){#fig03}

Methotrexate inhibits dihydrofolate reductase (DHFR), a critical component of the folate metabolic pathway (Goodsell, [@b20]). To assess whether the effects of methotrexate on MSH2 deficient cells could be explained by inhibition of DHFR, we silenced DHFR expression by RNA interference ([Fig 4A](#fig04){ref-type="fig"}). Silencing of DHFR in MSH2 deficient cells resulted in a significant reduction in survival compared to MSH2 proficient cells ([Fig 4B](#fig04){ref-type="fig"}; Fig S3C of Supporting Information). To validate this observation, we attempted to rescue the effects of methotrexate using folic acid, the natural substrate of DHFR. MSH2 deficient and proficient cells were treated with methotrexate and, in addition, folic acid (100 µM) ([Fig 4C](#fig04){ref-type="fig"}; Fig S3D of Supporting Information). Folic acid treatment also rescued the lethal phenotype caused by methotrexate in MSH2 deficient cells ([Fig 4C](#fig04){ref-type="fig"}; Fig S3D of Supporting Information), suggesting that the observed selectivity of methotrexate upon MSH2 deficient cells is due to the inhibition of DHFR.

![Methotrexate treatment selection for MSH2 deficient cells is via inhibition of folate synthesis\
Western blot analysis of DHFR siRNA silencing. Cells were transfected with either control siRNA or two different DHFR siRNAs. Protein lysates were immunoblotted and probed for DHFR and β-tubulin (loading control).Silencing of DHFR is selective for MSH2 deficient cells. Survival bar chart is shown of Hec59 + Chr2 and Hec59 transfected with siRNA oligonucleotides targeting DHFR. \**p* ≤ 0.0001 compared to the similarly transfected MSH2 proficient Hec59 + Chr2 cells (Student\'s *t*-test). Error bars represent standard errors of the mean.Folic acid rescues methotrexate selectivity in MSH2 deficient cells. Survival curves are shown of Hec59 and Hec59 + Chr2 cells under continuous exposure to a range of concentrations of methotrexate ± 100 µM folic acid for 14 days. Error bars represent standard errors of the mean.DHFR silencing causes an accumulation of 8-OHdG accumulation. Hec59 and Hec59 + Chr2 cells were transfected with control or DHFR siRNA and DNA analysed for 8-OHdG content as before. A bar chart showing relative levels of 8-OHdG in each cell line is shown. Assays were performed in triplicate. \**p* ≤ 0.0003 compared to the similarly transfected MSH2 proficient Hec59 + Chr2 cells (Student\'s *t*-test). Error bars represent standard errors of the mean.](emmm0001-0323-f4){#fig04}

To extend this finding, we investigated whether inhibition of DHFR could also result in an accumulation of 8-OHdG lesions in MSH2 deficient cells. DHFR silencing by RNA interference caused a significant increase (*p* ≤ 0.0003) in 8-OHdG levels in MSH2 deficient Hec59 cells, whereas no increase was observed in the similarly treated MSH2 proficient cell line, Hec59 + Chr2 ([Fig 4D](#fig04){ref-type="fig"}). This data supported the hypothesis that in MSH2 deficient cells, inhibition of DHFR via treatment with methotrexate, induces the accumulation of 8-OHdG oxidative lesions beyond a level that is incompatible with viability.

### Methotrexate is selective for MSH2 deficiency *in* *vivo*

To assess methotrexate selective efficacy *in vivo*, we xenografted MSH2 deficient Hec59 cells into mice and treated animals with methotrexate. Once established, tumour growth from these xenografts was extremely rapid. Nevertheless, we observed that xenograft growth from MSH2 deficient xenografts was significantly reduced (*p* = 0.049) by methotrexate treatment when compared to vehicle-treated *MSH2*^*−/−*^ xenografts ([Fig 5A](#fig05){ref-type="fig"}). No difference in tumour growth (*p* = 0.33) was observed in the methotrexate treated *MSH2*^*+/+*^ xenograft tumours when compared to the vehicle-treated *MSH2*^*+/+*^ tumours ([Fig 5B](#fig05){ref-type="fig"}). The efficacy of methotrexate was also suggested by a high level of apoptosis in *MSH2*^*−/−*^ xenografts treated with methotrexate (*p* = 0.0001), as assessed by TUNEL staining ([Fig 5C](#fig05){ref-type="fig"}; Fig S4A of Supporting Information). Significantly no increase in TUNEL stained cells was observed in the *MSH2*^*+/+*^ xenografts upon methotrexate treatment. An increased level of necrosis was also observed in methotrexate treated *MSH2*^*−/−*^ xenografts, as defined by nuclear fragmentation, loss of cell borders, presence of cell debris, karyorexis and cystification (Fig S4B of Supporting Information). To further validate our *in vitro* observations *in vivo*, 8-OHdG accumulation was quantified in DNA extracted from xenograft tumours ([Fig 5D](#fig05){ref-type="fig"}). Methotrexate treatment caused a significant increase in the amount of 8-OHdG in *MSH2*^*−/−*^ xenografts, when compared to vehicle-treated *MSH2*^*−/−*^ xenografts. No such increase in 8-OHdG lesions was observed in the *MSH2*^*+/+*^ xenograft tumours upon treatment with methotrexate. Taken together, these *in vivo* observations provide preliminary evidence that methotrexate, a drug already in clinical use, might show utility in patients with MSH2-deficient tumours.

![Methotrexate is selective for MSH2 deficiency *in* *vivo*\
**A, B.** Methotrexate suppresses growth in *MSH2*^*−/−*^ subcutaneous xenografts. Hec59 (A) or Hec59 + Chr2 (B) cells were mixed 1:1 in matrigel and then injected subcutaneously into the lateral flank of 6--8 week old female athymic nude mice. The tumours were allowed to develop to a mean tumour diameter between 4 and 8 mm and randomized into treatment and control groups (10 animals per cohort, 20 in total) and drug dosing initiated. Methotrexate (or vehicle) was administered by intrapertineal injection at a dose of 30 mg/kg in PBS for five consecutive days followed by two days of no treatment after which the same treatment cycle was continued until the end of the study. Tumour volumes were measured every four days from the initiation of drug dosing and the results expressed as fold increase in tumour volume relative to that at the first drug administration. (A) *p* = 0.04903, compared to the vehicle treated MSH2^(−/−)^ xenograft tumours (Two-way ANOVA test). (B) *p* = 0.326 compared to the vehicle treated MSH2^(+/+)^ xenograft tumours (Two-way ANOVA test).**C.** Methotrexate increases the number of apoptotic cells in *MSH2*^*−/−*^ subcutaneous xenografts. TUNEL-positive cells were measured in frozen tumour sections from Hec59 and Hec59 + Chr2 xenograft tumours treated with either vehicle or methotrexate, using an ApopTag Plus In Situ Apoptosis Detection Kit (Chemicon International, Temecula, CA). The total number of TUNEL-positive cells was quantified in four randomly selected microscopic fields consisting of approximately 800 cells/field at ×200 magnification within cell nuclei. \**p* = 0.0001 compared to the vehicle treated Hec59 xenograft tumours (Student\'s *t*-test). Error bars represent standard errors of the mean.**D.** 8-OHdG accumulation in methotrexate treated *MSH2*^*−/−*^ subcutaneous xenografts. DNA extracted from Hec59 and Hec59 + Chr2 xenograft tumours treated with either vehicle or methotrexate were analysed for 8-OHdG content as before. Assays were performed in triplicate. \**p* = 0.0001 compared to the vehicle treated Hec59 xenograft tumours (Student\'s *t*-test). Error bars represent standard errors of the mean.](emmm0001-0323-f5){#fig05}

DISCUSSION
==========

The potential of molecularly directed therapy, based on targeting the underlying genetic defects in tumour cells, is that it may cause highly selective killing of tumour cells, while sparing normal cells. However, where loss of a tumour suppressor gene function is a known determinant of the disease, it is difficult to identify a direct therapeutic target as it is often technically complex to efficiently recapitulate tumour suppressor function. Given these considerations, the concept of synthetic lethality/sickness has been proposed as a means to functionally target susceptibilities in cancer cells, especially where loss of a tumour suppressor gene is evident (Ashworth, [@b3]; Kaelin, [@b25]). Here we describe a synthetic lethality/sickness approach to targeting a defect in a specific DNA repair pathway, MMR. We demonstrate a novel selective lethality resulting from treatment with oxidative damage-inducing drugs including methotrexate, in an MSH2-deficient background. We describe how in the absence of MSH2, this selectivity results in an increase in 8-OHdG oxidative lesions upon inhibition of DHFR, potentially identifying a molecular targeted therapy for MSH2 deficient tumours. It seems most likely that in tumour cells with a MSH2 deficiency, this rise in 8-OHdG is incompatible with cellular viability; conversely, in MSH2 proficient cells, 8-OHdG lesions caused by methotrexate are rapidly cleared, hence the genotypic selectivity. We do, of course, acknowledge the possibility that drugs that cause DNA damage could also, by increasing the mutational load in tumour cells with DNA repair defects, increase malignancy. This is indeed a common critique of therapeutic strategies that target DNA repair deficiencies. However, we believe that if used for limited periods and in the correct patient group, the therapeutic effect would far outweigh the potential mutagenic effects. When used in such a context, we believe that MSH2 deficient tumour cells would more probably die in response to methotrexate, rather than survive and become more malignant. Nevertheless, limited treatment regimens are appropriate as they would also limit the potential for the development of drug resistance.

The standard adjuvant treatments for colorectal cancer, involving 5-fluorouracil (5-FU)-based chemotherapy regimens (Chau & Cunningham, [@b10]) are less effective in patients with MMR deficient tumours. For example, the presence of MSI, a sign of MMR deficiency, can predict a poor response to adjuvant 5-FU chemotherapy, as measured by progression free survival or overall survival (Jover et al, [@b24]; Ribic et al, [@b45]; Sargent et al, [@b49]). In addition, *in vitro* studies suggest that MMR defective colon cancer cells show increased resistance to 5-FU compared with MMR proficient cells (Arnold et al, [@b2]). Taken together, this suggests that there is a clinical need for therapies that specifically target MMR gene defects particularly in cases at high risk of relapse, such as Dukes C colorectal cancer. The work that we have presented here, suggests that methotrexate may have some utility in this area. Methotrexate has been frequently used in the treatment of cancer and its low toxicity profile has led to efforts to derive further antifolates for cancer treatment (McGuire, [@b34]). In fact, methotrexate has already been trialed in colorectal cancer, in a sequential regimen with 5-FU (Sobrero et al, [@b53]). While this study determined that adjuvant sequential use of 5-FU and methotrexate results in similar outcome as the standard combination of 5-FU and leucovorin, the patient group studied was not stratified by MMR or MSH2 status and thus any selectivity of methotrexate for MSH2 deficient tumours would have gone unnoticed. It should also be noted that patients with HNPCC are also at increased risk of tumours of the endometrium, stomach and transitional cell carcinoma of the urinary tract (Lynch & Lynch, [@b31]; Muller & Fishel, [@b36]), suggesting the potential utility of our approach outside of colorectal cancer.

It is also possible that other agents could be used for the treatment of MMR-defective cancers. Berry et al describe how MMR deficient cells can be targeted for radiosensitization by the halogenated thymidine analogues iododeoxyuridine (IdUrd) and bromodeoxyuridine (BrdUrd) (Berry et al, [@b5]). This approach relies on the reduced removal of the DNA adducts caused by these drugs in MMR deficient cells. Gemcitabine has also been proposed as an MMR selective agent (Robinson et al, [@b46]). For example, radiosensitization is increased in MLH1 deficient HCT116 cells exposed to Gemcitabine. This effect is most likely mediated by the inhibition of ribonucleotide reductase by Gemcitabine, the resultant reduction in dATP levels and the subsequent misincorporation of nucleotides into DNA; in MMR deficient cells, the removal of these misincorporated bases is reduced, which most likely impairs the fitness of cells. MMR defective mouse and human cell lines have also been reported to be sensitive to drugs inducing interstrand-cross-links (ICLs) including CCNU and MMC (Aquilina et al, [@b1]; Wu et al, [@b57]). We should also note that a number of compounds in the screening set that are thought to cause oxidative damage but were not identified as selective agents (Table S1 of Supporting Information). This may be for a number of reasons, including (i) these non-selective compounds could have other (non oxidative damage) effects in both MSH2 competent and deficient cells. These additional effects could mask the potentially selective effects of DNA damage (ii) like the majority of drug screens, the compound collection was screened at a single concentration to enable the high-throughput approach to be taken. It is possible that some of the non-selective agents only cause sufficient oxidative damage at concentrations not assessed in the screen.

In addition to methotrexate, inhibition of DHFR by RNA interference also elicited MSH2 selectivity and the accumulation of 8-OHdG lesions in MSH2 deficient cells ([Fig 4](#fig04){ref-type="fig"}). This suggests that folate metabolism most likely underlies the mechanism of lethality in MSH2 deficient cells. A number of reports have also suggested that oxidative stress can be induced by folate deficiency (Balaghi et al, [@b4]; Lan et al, [@b27]; Mato & Lu, [@b33]; Varela-Moreiras & Selhub, [@b56]). While the exact mechanisms underlying the antioxidant function of folates are still unclear, folic acids produced by DHFR control the catabolism of the oxidizing agent homocysteine (Hcy); folic acids donate methyl groups to Hcy as part of the remethylation pathway, producing methionine (Brosnan et al, [@b8]). In the absence of DHFR activity and methyl group donation, Hcy is known to auto-oxidize, producing disulphides such as Hcy as well as reactive oxygen species such as superoxide and H~2~O~2~ (Brosnan et al, [@b8]) that may well cause the formation of DNA lesions such as 8-OHdG. It should be noted that reports have been made suggesting that MMR-deficient cells grown in folate-deprived media are more resistant to apoptosis (Gu et al, [@b21]; Li et al, [@b29]). However, these latter studies focussed upon MLH1 deficient cell lines that express the MSH2 protein. Here, we demonstrate that methotrexate or antifolate treatment may be appropriate for cases of MSH2 deficiency but not MLH1 deficiency. In a similar vein, a number of studies have suggested that MMR deficient cells, including MLH1 and PMS2, produce more methotrexate resistant colonies than MMR proficient cells (Frouin et al, [@b17]; Lin et al, [@b30]; Snijders et al, [@b52]). Lin et al ([@b30]) report that the MSH2 and MSH6 mutated Hec59 and DLD1 cells, respectively, gave rise to increased methotrexate-resistant colonies compared to their MMR proficient paired cell lines. Frouin et al ([@b17]) describe how the MLH1 deficient cell line HCT116 and a HeLa cell-clone12 strain deficient in PMS2 are less sensitive to methotrexate treatment when compared to their MMR-competent cell lines. Here, we show that methotrexate is not an appropriate agent to be used in patients with MLH1 deficient tumours as no differential selectivity is observed (Fig S1C of Supporting Information).

The availability of a biomarker for MSH2 deficiency should enable the identification of patients who would possibly benefit from methotrexate treatment. HNPCC patients may exhibit a distinct clinicopathological phenotype, presenting at a younger age, with tumours being predominantly right-sided, often mucinous, poorly differentiated, and sometimes distinguished by peritumoural lymphocytic reaction (Half & Bresalier, [@b22]). Additionally, both immunohistochemical detection of MSH2 and assessment of MSI status from primary tumour specimens are well-validated markers already in use in the clinical setting to screen for cases at high risk of HNPCC. In combination, these clinical and pathological features may serve as suitable markers for patients who may benefit from treatment with methotrexate.

In summary, our data supports the hypothesis that MSH2 deficiency can be targeted by therapies that cause oxidative DNA damage. Resistance of MMR deficient tumours to standard treatments such as 5-FU further argues for the testing of oxidative damaging agents, in particular methotrexate, as a specific therapeutic agent in the treatment of MSH2 deficient cancers.

METHODS
=======

Cell lines and reagents
-----------------------

The human endometrial cell lines Hec59 and Hec59 + Chr2 were the kind gift of Dr. T. Kunkel (NIEHS, NC, USA). Hec59 + Chr2 and Hec59 cells were grown in DMEM F12 supplemented with FCS (10% v/v), glutamine and antibiotics. Cells containing human chromosome 2 were cultured under selective pressure of 400 µg/mL geneticin (G418 sulphate). The human colon cancer cell line HCT116 and HCT116 + chr3 were the kind gift of Dr. A. Clark (NIEHS, NC, USA) and were grown in McCoys 5A supplemented with FCS (10% v/v), glutamine, and antibiotics. Cells containing human chromosome 3 were cultured under selective pressure of 400 µg/mL geneticin (G418 sulphate). Jurkat cells were were grown in Rosewell Park Memorial Institute (RPMI-1640) medium supplemented with FCS (10% v/v), glutamine and antibiotics. LoVo, HeLa and MCF7 cells were grown in Dulbecco\'s Modified Eagle Medium (DMEM), supplemented with FCS (10% v/v), glutamine and antibiotics. shRNA expressing cells were established by infecting HeLa or MCF7 cells with shRNA expressing empty or hMSH2 vectors, which were generated by PCR amplification of 97mer DNA oligonucleotides as described (Paddison et al, [@b40]) and cloned into either the LMP vector (Dickins et al, [@b16]) or the doxycycline-inducible TRIPZ lentiviral vector. shRNA sequences were as follows:

1.  shMsh2: TGCTGTTGACAGTGAGCGCCTCAGTGAATTAAGAGAAATATAGTGAAGCCACAGATGTATATTTCTCTTAATTCACTGAGATGCCTACTGCCTCGGA

2.  The pcDNA3-wt-MSH2 vector was a kind gift from Dr. M. Meuth (Sheffield, UK). Selenomethionine, folic acid and H~2~O~2~ were purchased from Sigma.

Compound inhibitor screen
-------------------------

Compound libraries were purchased from Prestwick Chemicals (Saffron Walden, Essex, UK). Cells were plated in 96-well plates. After 12 h incubation, cells were exposed to compound or equimolar DMSO and media and compounds replenished every 48 h. The library was screened using an average compound concentration in media of 0.1 mM. Cell viability was measured six days later, using the CellTitre Glo assay (Promega) according to the manufacturer\'s instructions. Luminescence measurements were used to determine growth in the presence of the inhibitors. The effect of each of the compounds on viability in a particular cell line, was estimated by comparing luminescence readings from drug-treated cells with those from cells treated with the compound vehicle, DMSO. The effect of each compound was expressed as a log~2~ SF, compared to DMSO-treated cells and to identify selective effects, the log~2~ SFs were compared from the two cell lines.

Validation experiments were carried out with Methotrexate (Biomol International L.P.), Menadione, Parthenolide and Daunorubicin hydrochloride (Prestwick Chemicals). Validation of hit compounds was performed by clonogenic assays. Exponentially growing cells were seeded at various densities in six-well plates. Cells were treated with increasing concentrations of the compound. Cell medium was replaced every four days. After ten to fourteen days, cells were fixed in methanol, stained with crystal violet and counted. The plating efficiencies were calculated as the number of colonies divided by the number of cells plated for each compound treatment. The SF for a given sample was calculated as the plating efficiencies for each compound treated cells divided by the plating efficiencies of DMSO treated cells.

Measurement of 8-OHdG
---------------------

Genomic DNA was extracted using the QIamp DNA isolation kit (Qiagen) and digested with nuclease P1. A commercially available ELISA kit from Cell Biolabs (UK) was used to determine levels of 8-OHdG in isolated DNA. The assays were performed according to the manufacturer\'s instructions. The 8-OHdG standard (0.078--20 ng/ml) or 10 µg DNA from cells was incubated with a 8-OHdG monoclonal antibody in a microtiter plate precoated with 8-OHdG. The assay was normalized by an equal amount of DNA used for each sample. Addition of 3,35,5-tetramethylbenzidine to replicate samples was followed by measurement of absorbance at 450 nm. Standard curves were calculated for all reactions with serial dilutions of 8-OHdG standard to calculate reaction efficiency. Samples were assayed in triplicate.

Measurement of superoxide anions
--------------------------------

We used the superoxide anion cell-based assay kit (Sigma) according to the manufacturer\'s instructions. This assay is based on the oxidation of luminol by superoxide anions resulting in the formation of chemiluminescence light.

siRNA and plasmid transfections
-------------------------------

Cells were transfected with siRNA (Qiagen, UK) targeting the following genes (target sequences shown):

1.  DHFR\*1, 5′- TACGGAGAAACTGAACTGAGA-3′

2.  DHFR\*2, 5′- AACCTCCACAAGGAGCTCATT-3′

3.  MSH2\*1, 5′-CCCATGGGCTATCAACTTAAT-3′

4.  MSH2\*2, 5′-TCCAGGCATGCTTGTGTTGAA-3′

5.  Control, 5′-CATGCCTGATCCGCTAGTC-3′

For clonogenic assays, exponentially growing cells were seeded at various densities in six-well plates. For siRNA transfections, cells were transfected with individual siRNA using Lipofectamine 2000 (Invitrogen, UK) according to manufacturer\'s instructions. As a control for each experiment, cells were left un-transfected or transfected with a non-targeting control siRNA and concurrently analysed. pcDNA3 plasmids were transfected into cells using Fugene 6 (Roche, Burgess Hill, UK) according to manufacturer\'s instructions. Twenty-four hours after transfection, cells were seeded in six-well plates (at 1500 cells/well) and treated with drug or in the case of DHFR siRNA transfections, media was replaced the following day. After ten to fourteen days, cells were fixed in methanol, stained with crystal violet and counted. The plating efficiencies were calculated as the number of colonies divided by the number of cells plated for each siRNA transfection. The SF for a given sample was calculated as the plating efficiency of each siRNA transfection divided by the plating efficiencies of control siRNA transfected cells. All transfections were carried out in triplicate.

### The paper explained

#### PROBLEM

Defects in components of the DNA MMR pathway, such as those caused by mutation of the *MSH2* gene, predispose to a range of cancers and, in particular, HNPCC. In patients with cancers characterized by *MSH2* mutations, tumour cells are normally MSH2 deficient, whereas normal cells are not---leading to efforts to target this tumour-specific difference as a therapeutic approach.

#### RESULTS

We screened MSH2 proficient and deficient human tumour cells with a library of commonly used drugs and drug-like compounds and show here that MSH2 deficient tumour cells are particularly sensitive to methotrexate. Methotrexate treatment of MSH2 deficient tumour cells causes an accumulation of potentially lethal oxidative DNA damage; in cells with functional MSH2, this damage is efficiently repaired but in MSH2 deficient tumour cells, repair of oxidative DNA damage is impaired and this eventually limits the survival of tumour cells.

#### IMPACT

The data demonstrate that a drug already used in cancer therapy, methotrexate, is MSH2-selective and could be used to treat cancer in specific subgroups of the patient population. A clinical trial aimed at assessing this possibility is now underway (see web link).

Protein analysis
----------------

Cell pellets were lysed in 20 mmol/l Tris (pH 8), 200 mmol/l NaCl, 1 mmol/l EDTA, 0.5% (v/v) NP40, 10% (v/v) glycerol and protease inhibitors. Lysates were electrophoresed on Novex precast gels (Invitrogen, UK) and immunoblotted using the following antibodies: anti-MSH2 (Ab-1, Calbiochem, UK), anti-DHFR (ab49881, Abcam, UK), anti-PARP (Cell Signalling), anti-MYH (ab55551, Abcam), anti-OGG1 (Novus), anti-MTH1 (ab98--230, Abcam) and anti-β-tubulin (T4026, Sigma, UK). This was followed by incubation with anti-IgG-horseradish peroxidase and chemiluminescent detection (SuperSignal West Pico Chemiluminescent Substrate, Pierce, UK). Immunoblotting for β-tubulin was used as a loading control.

Xenograft analysis
------------------

Hec59 and Hec59 + Chr2 cells were mixed 1:1 in matrigel and then injected subcutaneously into the lateral flank of 6--8 week old female athymic nude mice. Tumours were allowed to develop to a mean tumour diameter between 4 and 8 mm and randomized into treatment and control groups (10 animals per cohort, 20 in total) and drug dosing initiated. Methotrexate (or vehicle) was administered by intrapertineal injection at a dose of 30mg/kg in phosphate buffered saline (PBS) for five consecutive days followed by two days of no treatment after which the same treatment cycle was continued until the end of the study. Tumour volumes were measured every four days from the initiation of drug dosing and the results expressed as fold increase in tumour volume relative to that at the first drug administration.

TUNEL staining
--------------

Apoptosis was measured using an ApopTag Plus In Situ Apoptosis Detection Kit (Chemicon International, Temecula, CA) according to the manufacturer\'s instructions. The total number of TUNEL-positive cells was quantified in four randomly selected microscopic fields containing approximately 800 cells/field at ×200 magnification within cell nuclei.
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